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Abstract. Kcv is a K " -selective channel encoded by
the Paramecium bursaria Chlorella virus 1 (PBVC-1).
Expression of this protein, so far the smallest known
functional K* channel, in Xenopus oocytes reveals an
instantaneous and a time-dependent component
during voltage-clamp steps. These two components
have an identical sensitivity to the inhibitor amanta-
dine, implying that they reflect distinct kinetic fea-
tures of the same channel. About 70% of the channels
are always open; at hyperpolarizing voltages the time-
dependent channels (30%) open in a voltage-depen-
dent manner reaching half-maximal activation at
about —70 mV. At both extreme positive and nega-
tive voltages the open-channel conductance decreases
in a voltage-dependent manner. To examine the
mechanism underlying the voltage-dependence of
Kcv we neutralized the two charged amino acids in
the lipophilic N-terminus. However, this double
mutation had no effect on the voltage-dependence of
the channel, ruling against the possibility that these
charged amino acids represent a membrane-embed-
ded voltage sensor. We have considered whether a
block by external divalent cations is involved in the
voltage-dependence of the channel. The Kcv current
was increased about 4-fold on reduction of external
Ca®" concentration by a factor of ten. This pro-
nounced increase in current was observed on lower-
ing Ca’" but not Mg?>" and was voltage-
independent. These data indicate a Ca®"-selective,
but voltage-independent mechanism for regulation of
channel conductance.

Key words: K* channel — PBCV-1 — Kcv —
Voltage-dependence — Ca*" block

Correspondence to: A. Moroni; email: anna.moroni@ unimi.it

Introduction

K™ channels are tetramers of identical or similar sub-
units, arranged around a central ion-conducting pore.
They are classified, according to their subunit trans-
membrane topology, into 6-, 4- and 2- transmembrane
(TM)-domain channels. The smallest K" channels
belong to the 2TM class and are formed by two TM
domains connected by a stretch of amino acids (aa),
the so-called pore (P) domain; this basic structure is
also conserved in the pores of the more complex 4TM
and 6TM channels (Wei et al., 1996; Clapham, 1999).
Several 2TM K™ channels have been cloned from
animals and bacteria (Doupnik, Davidson & Lester,
1995; Schrempf et al., 1995). Among the class of 2TM
channels, Kcv, the first K channel cloned from a
virus, is the smallest known to date (Plugge et al.,
2000). It was discovered in the genome of PBCV-1
(Paramecium bursaria Chlorella virus), the prototype
virus of the Phycodnaviridae family, which, to date,
has about 50 members. PBCV-1 is a large icosahedral
virus that infects and replicates in the single-cell green
alga Chlorella strain NC64A (Van Etten & Meints,
1999). Kcev is a 94-aa long peptide. Hydropathy ana-
lysis reveals two putative TM domains separated by a
stretch of 44 aa that contains the K" channel sig-
nature sequence THSTVGFG. The 26 aa surrounding
this motif display, on average, 61% similarity and 38%
identity with the pore domains of many K * channel
proteins (Plugge et al., 2000).

The most remarkable structural feature of Kecv
resides in the protein N- and C-termini. The cyto-
plasmic N-terminus is very short (12 aa) and contains
two positively charged aa (K6, R10) and a putative
casein kinase 2 (ck2) phosphorylation site (TRTE). In
contrast to all other known K" channels, the protein
lacks a cytoplasmic C-terminus (Plugge et al., 2000).



Kcv has been successfully expressed in a het-
erologous system (Plugge et al., 2000). In spite of its
small size, it exhibits, when expressed in Xenopus
oocytes, the typical features of a K* channel in-
cluding ion selectivity, a moderate voltage-depen-
dence and sensitivity to known channel blockers
(Plugge et al., 2000). Since the structure of the Kcv
pore resembles that of other known K™ channels,
information obtained from Kcv provides useful in-
formation on the basic principles of K" function.
The understanding of ion permeation through K™
channel pores and high-resolution structure-function
relations currently are important topics in physiology
and structural biology (Doyle et al., 1998; Perozo,
Cortes & Cuello, 1998). Because of its small size, Kcv
represents an interesting model system for studying
many of the fundamental structure-function relations
of K" channels.

Materials and Methods

The Kcv gene was cloned into pSGEM vector (a modified version
of pPGEM-HE, courtesy of M. Hollmann, Max Planck Institute for
Experimental Medicine, Goéttingen, Germany). The DNA tem-
plates were linearized with Nsil and transcribed in vitro with T7
RNA polymerase. The mRNA was injected into Xenopus laevis
oocytes, isolated according to standard methods (Moroni, Bardella
& Thiel, 1998).

The mutant channel AN-Kcv was constructed by standard PCR
techniques by deletion of the first 12 aa and inserted in pSGEM for
oocyte expression. The fusion protein with GFP (AN-Kcv:GFP)
was constructed by PCR amplification removing the stop codon
from Kcv by means of a reversal PCR primer, subcloning the
mutated AN-Kcv in frame and upstream of the GFP gene and
moving the fusion protein (AN-Kcv:GFP) in pCDNA 3.1 (Invi-
trogen) for transfection in mammalian HEK 293 cells. Cell trans-
fection was performed according to the calcium-phosphate method
reported in Moroni et al., 2000.

Membrane current and voltage were recorded with a conven-
tional two-electrode voltage-clamp method using the Gene Clamp
500 amplifier under control of pCLAMP 5.5 software (Axon In-
struments, Foster City, CA). Electrodes were filled with 3 m KCI
and had resistances between 0.4 and 1 MQ in 50 mm KCI. The
oocytes were perfused at room temperature (25-27°C) with a high-
K™ solution containing (mm): KCI 50, CaCl, 1.8, MgCl, 1, Hepes
S, pH 7.4 with KOH, at a rate of 2 ml min~!. Mannitol was used to
adjust the osmolarity to 215 mosmol. In some experiments the
external Ca®” concentration, [Ca®>*],, was reduced to 0.18 mm.
Complete removal was not advisable since it caused activation of
endogenous conductances.

Results

Kcv GENERATES A CONDUCTANCE WITH TWO
KiNETIC COMPONENTS

Xenopus oocytes injected with Kcv cRNA expressed a
characteristic current (Fig. 14) that was absent in
H,>O-injected oocytes (Plugge et al., 2000). To differ-
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entiate the current through Kcv channels from the
endogenous currents, an oocyte was treated with 6 mm
amantadine. This inhibitor is an ideal tool to separate
the Kcv current from the endogenous oocyte currents,
because it has no effect on endogenous currents (see
below), and blocks the Kcv-specific current in a volt-
age-independent manner (Plugge et al., 2000). The a-
mantadine-sensitive current, shown in Fig. 1C, results
from the subtraction of B from 4 and from now on
will be referred to as Kcv current (Ixey).

To show that Kcv expresses a channel “per se”
that is not due to an unspecific effect of Kcv-injection
on endogenous oocytes conductances, we tested the
ability of Kcv-mutants to generate currents in oo-
cytes. Fig. 2 shows a representative example of the
currents of an oocyte injected with a mutated channel
(AN-Kcv), in which the N-terminus (aa 1-12) was
deleted. These oocytes (n = 15) show essentially the
same currents observed in H,O-injected oocytes.
Addition of 6 mm amantadine had only a minor effect
on membrane currents (Fig. 2B,C), as observed in
water-injected oocytes (not shown). The AN-Kcv
channel was constructed also as a GFP fusion protein
(AN-Kcv:GFP) and its expression pattern analyzed
by confocal microscopy after transfection of mam-
malian HEK 293 cells. Its cellular distribution was
identical to the wt Kcv:GFP-fusion protein. Fur-
thermore, the wt-Kcv:GFP-fusion protein produced
a transfection-specific current, whereas the AN-
Kcv:GFP-fusion protein did not (data not shown).
These results show that the mutant channel is syn-
thesized but is unable to induce a change in con-
ductance. Likewise, a point mutation in the selectivity
filter region (F66A) of wt Kcv created a protein
unable to generate currents above the endogenous
current background in oocytes (Plugge et al., 2000).
These experiments establish that the currents re-
corded in oocytes after injection with Kcv cRNA are,
indeed, due to the expression of a K" channel and
are not due to an unspecific upregulation of K™
channels endogenous to the oocytes.

The Kcv steady-state current (I, inset of Fig. 1)
is plotted in the current/voltage relation shown in
Fig. 1D (open circles) and appears to comprise two
components, an instantaneous (/;, inset of Fig. 1 and
closed circles in Fig. 1D) and a time-dependent one
(I, resulting from Iy -I;, inset of Fig. 1). These com-
ponents display different sensitivities to voltage.
Analysis of the current-voltage relations shows that [;
decreases at extreme positive and negative voltages,
while I; (I-I;) decreases at positive and increases at
negative voltages.

The two different components of the Kcv-gener-
ated current shown in Fig. 1 could result either from
two different channels or from two different kinetic
properties of the same channel. To address this
problem we investigated the effect of a lower (1 mm)
concentration of amantadine on Kcv current. This
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Fig. 1. Kcv currents in Xenopus oocytes. (4) Currents recorded in
50 mm KCI from one oocyte injected with Kcv mRNA were in-
duced by voltage-steps from a holding potential (—20 mV) to test
voltages as indicated. (B) Addition of 6 mM amantadine to the bath
medium strongly reduced Kcv current leaving only oocyte endog-

concentration inhibits the Kcv current by 50%
(Plugge et al., 2000) and hence allows one to measure
the relative inhibition of [; and I, respectively. The
plots in Fig. 34 and B show that the instantaneous
and the time-dependent currents were inhibited by
amantadine in the same ratio and with the same
voltage-dependence. Similar results were found in
three more experiments. This supports the view that
the Kcv current is due to the activity of one channel
type with two different kinetic components. Since
each of these two components has a distinct voltage-
dependence, in the following we have proceeded to
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enous current. (C) Subtraction of the currents (4—B) reveals the
Kev-specific current. (D) I/V relations from the data of C: (@) in-
stantaneous and (O) steady-state current. Inset: exemplary separa-
tion of the steady-state current, /g, (recorded at —140 mV) into the
instantaneous, 7;, and time-dependent, /;, components.

analyze the voltage-dependence of both kinetic
components separately.

INSTANTANEOUS COMPONENT

To examine the voltage-dependent decrease of I; at
both negative and positive voltages we plotted the 7;/
voltage relation from the experiment shown in Fig. 1
and extrapolated the linear portion between —20 mV
and +20 mV on the assumption that this represents
the maximal conductance of the [;/V relation and
thus the open-channel I/V relation (Fig. 44). The
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Fig. 2. Currents in Xenopus oocyte injected with the Kcv mutant
AN-Kcv. (4) Currents recorded in 50 mm KCI from one oocyte
injected with AN-Kcv mRNA were induced by voltage-steps from a
holding potential (—20 mV) to test voltages as indicated. (B) Ad-
dition of 6 mm amantadine to the bath medium had only a minor
effect on currents. (C) Steady-state I/V relations of currents re-
corded in the absence (@) and presence (O) of 6 mm amantadine in
bath medium.

inhibitory effect of high positive and negative volt-
ages on [; was then estimated as a function of the
ratio between the measured data points and the ex-
trapolated linear current/voltage relation (I../V). The
voltage-dependence of the fractional decrease of I is
shown in Fig. 4B. For a quantitative description of
this plot the data from positive and negative voltages
were fitted with the Boltzmann equation:

1 — (5/Iex) = rBuax /(1 + exp(zF(Vos — V) /RT))
(1)

where rB,,.x denotes the maximal relative inhibition,
z the voltage-sensitive coefficient and ¥V s the voltage
for half maximal inhibition. R, T and F have their
usual thermodynamic meanings. Fitting data with
Eq. 1 yielded for negative voltages the following pa-
rameters: maximal relative inhibition, rBy.,x = 0.9;
voltage-dependent coefficient, z; =—0.6 and the
voltage for half maximal inhibition, Vys; = —116
mV. The corresponding values for positive voltages
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were: FBpaxo = 0.6; z2 = 1.9; Voso = +65 mV.
Results from fitting data from » = 9 oocytes are
summarized in Table 1.

TIME-DEPENDENT COMPONENT

To characterize the voltage-dependence of I, we de-
termined the current-activation curve from the tail
currents in Fig. 1C. The amplitude of the tail currents,
measured immediately after stepping to —80 mV (Fig.
5A), were plotted against the conditioning voltage
(—180 to +80 mV) after normalization. The resulting
activation curve is shown in Fig. 5B. It was well fitted
by a Boltzmann function yielding the coefficients
z3 = 0.8 and V53 = —67 mV. Results of fitting the
data from n = 7 oocytes are summarized in Table 1.

We further characterized the kinetics of I, acti-
vation and deactivation. For activation, steps were
applied to test voltages between —40 mV and —160
mV from a holding voltage of +60 mV (Fig. 64,
top), at which voltage the time-dependent channels
were closed (Fig. 5). For deactivation, the time-de-
pendent component was fully activated at —160 mV
and steps were applied in the range 0 mV to +60 mV
(Fig. 64, bottom). Both current activation and de-
activation were best fitted by the sum of two expo-
nentials (Fig. 64). Plots of the voltage-dependence of
the fast (t;) and slow (t,) time constants for activa-
tion and deactivation are shown in Fig. 6B and C,
respectively. The data reveal a moderate voltage-de-
pendence of 7; while 7, appears to be approximately
voltage-independent.

While the time-dependent component reaches
maximal activation at hyperpolarized voltages (Fig.
5B), the instantaneous component has maximal
conductance at about 0 mV (Fig. 4B). Due to the
opposite voltage-dependence of the two current
components, it is not possible to obtain a ‘“‘fully
activated” Ix.,. It is nevertheless possible to mea-
sure the “maximal” Ix., which includes a “fully
activated” time-dependent component in addition to
a steady-state instantancous component. To measure
the maximal 7/V relation (I,.x/V) for Kcv we used a
three-step protocol, where the membrane was held
at —20 mV and then stepped to a conditioning
voltage of —160 mV for 1.5 sec to achieve full ac-
tivation (Fig. 5B). From this conditioning voltage
the membrane was stepped to test voltages between
—100 mV and +80 mV. The amplitude of the cur-
rents measured immediately after stepping to the test
voltages were plotted against the test voltages to
yield the I,,,/V relation shown in Fig. 74 (filled
circles). For comparison also the steady-state I/V
relation (Ii/V), obtained as in Fig. 1, is plotted
(open circles).

The I,/ V relation thus measured contains con-
tributions from both the instantaneous and the fully-
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Fig. 3. Inhibition of instantaneous (/;) and time-dependent (/;) tion of 1 mm amantadine to the bath (+ AM) caused a reduction of

Kcv current by amantadine. (4) An oocyte expressing Kcv was
clamped from —20 mV to —140 mV resulting in the typical in-
stantaneous and time-dependent current response (—AM). Addi-

activated time-dependent components. Since at
V'>40 mV [ is fully deactivated (Fig. 5), at positive
voltages Iy is composed of I; only, while I, now
includes the contribution of the time-dependent
component.

Fig. 7B shows that the ratio I/l ,.x approaches
at positive voltages a value of 0.7. This means that /;
contributes a fraction a = 0.7 and I, fraction
b = 0.3 to the total current. In similar experiments
with n = 4 oocytes we obtained mean values for a of
0.66 £ 0.02 and for b of 0.34 £+ 0.02.

ForMmAL DEscrIPTION OF Kcv CURRENT

With the above information it is possible to describe
formally the Kcv current. The Kev current I(V,7) can
be described as:

1V, 0) =gV, 1) - (V= Vi), ()

where g is the conductance and Vg~ the equilibrium
voltage for K.

The conductance g(V,¢) is given by the sum of the
instantaneous (g;) and the time-dependent (g,) con-
ductance:

gi(V) = &max "% - d (3)

g(V)=g-p-b (4)

where g.,.x 18 the conductance of the maximal I/V
relation (I,.x/V); a is a factor that accounts for
nonlinearity of the instantaneous current (relative
inhibition) and can be derived from Fig. 4B as:

I; and I;. (B) Ratios of inhibition (I_awnm/l+ am) for 7; (B) and [, (O0)
over a range of test voltages. The plots show that both kinetic
components are blocked in the same ratio.

o=1—rBmax1/{l +explziF(Vos1 — V)/RT|}—
rBmax2 /{1 + exp[z2F(Vos, — V)/RT)}
(5)

The factor f describes the voltage-dependence of I.
According to Fig. 5B

ﬁz1/{1+€Xp[23-F(V0'5,3—V)/RT]}. (6)

The factors ¢ and b account for the fractional con-
tribution of the instantaneous and time-dependent
conductance, respectively, to g(V,f). For the example
of Fig. 1 they are estimated as ¢ = 0.7 and b = 0.3
(Fig. 7).

I(V,t) can be calculated from Egs. 2—6 assigning
values to Vysx, Zx, and Ipnaxx from Figs. 4 and 3,
values to @ and b from Fig. 7, a gmax of 3 X 10° S (Fig.
74) and a K™ equilibrium voltage (Vi+) of +10 mV.
The calculated steady-state I/V relation is shown in
Fig. 74 as a line. It is in good agreement with the
corresponding measured steady-state I/} data (open
circles), implying that Eqs. 2-6 are sufficient to de-
scribe the Kcv current. According to this description,
about 70% of the channels are always open. At hy-
perpolarizing voltages the remaining 30% of the
channels open in a voltage-dependent way.

THE MODE OF VOLTAGE-DEPENDENCE

Voltage-dependence of voltage-dependent (Kv)
channels is primarily determined by the movement of
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Fig. 4. Voltage-dependence of instantaneous Kcv current (7;). (4)
Voltage-dependent decrease of I; (from Fig. 1) estimated as the
difference between the measured /; and the linear extrapolation of
data points between —20 mV and + 20 mV. (B) Relative inhibition
(rB) plotted against voltage. Data for rB at negative (filled squares)
and positive (open squares) voltages were jointly fitted (solid line)
by Boltzmann functions (see text and Eq. 1) and yielded
Bmax.1 = 0.9; voltage-dependent coefficient, z; =—0.6 and volt-
age for half maximal inhibition, Vjs; =—116 mV for negative
voltages. The corresponding values for positive voltages were:
Bhax2 = 0.6; 22 = 1.9; Vo5, = +65mV.

the charged S4 segment in the membrane. In this
context it was interesting to note that the short
N-terminus of Kcv is slightly lipophilic and contains
two charged amino acids, lysine (K5) and arginine
(R10) (Plugge et al. 2000). Consequently we specu-
lated that the N-terminus might be embedded in the
membrane and serve as a cryptic voltage sensor. To
test this hypothesis we mutated the two charged
amino acids into neutral alanines. However, electro-
physiological examination of the double mutant K5A
R10A revealed no difference in the voltage-depen-
dence of Kcv currents as compared to the wt-channel
(data not shown).

Many K channels are blocked by divalent ca-
tions in a voltage-dependent way (Hille, 1992). The
Kcv channel is known to be blocked by external Ba* "
(Plugge et al. 2000). To test the possibility that a
block by cations is responsible for the loss of linearity
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Table 1. Parameters from fitting relative inhibition of in-
stantaneous current (/;) and activation curves of time-dependent
current (/) to Boltzmann function

Parameter I; I

N

. ~0.67 + 0.08 (9)

Z 1.9 + 0.11 (9)
I/().S,l —113 £ 5mV (9)
V0.5.2 85 £ 7TmV (9)
B 0.92 + 0.05 (9)

FBoans 0.61 = 0.1 (9)
Z3 —0.69 £+ 0.04 (7)
Voss —71 £ 6 mV (7)

Data obtained as in Fig. 4 for [; and Fig. 5 for /.. Values denote
mean + sb. Number of data sets in brackets. The parameters have
the following meaning: z, voltage-sensitive coefficient; Vs, voltage
for half maximal inhibition (/;) or activation (/,); rBpyax, maximal
relative inhibition.

of I; at positive and negative potentials we changed
the divalent cation concentration in the external
medium. Fig. 8 shows that reducing Cai* had a
strong effect on Kcv conductance. The sample cur-
rent traces and the corresponding steady-state I/V
relations reveal that lowering of Ca2™ over this
moderate concentration range leads to an overall
increase in both current components. In the present
case a 10-fold reduction of Cafﬁr caused a roughly 4-
fold rise in Kcv current (Fig. 8C). In contrast, in-
creasing Ca2" relative to the control concentration
reduced Kcv current (data not shown).

To examine whether the reduction of Kcv current
by Ca(zjL is voltage-dependent, we measured the ratio
between the steady-state currents in 1.8 mm Ca2™
(reference level) and the currents in other Ca(zf. The
plot shows that the effect of Caf)+ on Iy is largely
voltage-independent (Fig. 8D), a result confirmed in 3
other data sets.

The results in Fig. 8 indicate that Ca’" affects
Kcv current in a voltage-independent manner, sug-
gesting that the current kinetics are Ca’"-indepen-
dent. To further investigate this point we examined
the effects of Ca2™ on the kinetics of the time-de-
pendent current component. We measured Kcv cur-
rent during voltage steps from —20 mV to —160 mV
in 1.8 and 0.18 mm Ca2™ and normalized the time-
dependent current to the same amplitude. The traces
superimpose almost perfectly, indicating that Caff
does not modify the current kinetics (Fig. 9). The
same result was obtained for the kinetics of current
deactivation at more positive voltages (Fig. 9).

For a quantification of the inhibitory effect of
Caé* on the Kcv current, we plotted [; recorded at
—140 mV and +40 mV as a function of the external
Ca?' after normalization to the current in 1.8 mm
Ca’". The graph shows a strong dependence of I
on Ca®* over a small range of concentrations. Inhi-
bition already approaches saturation at Ca’>" con-
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Fig. 5. Voltage-dependence of time-dependent
(1)) Kcev current. (4) Enlargement of tail currents
from Fig. 1C. The currents were recorded at —80
mV following preconditioning at indicated
voltages. (B) Normalized activation curve ob-
tained from tail currents. Data were fitted with a
Boltzmann function, such as Eq. 1, yielding
V0,5‘3 =—67 mV and z3 = 0.8.

Fig. 6. Time constants for activation and de-
activation of /; as a function of voltage. An
oocyte expressing Kcv was clamped to + 60
mV to deactivate the time-dependent compo-
nent. Steps to test voltages between —40 mV
and —160 mV resulted in activation of /.
Current activation kinetics was best described
by the sum of two exponentials. Example of
current response at —140 mV and fitting (/ine)
is shown in A (upper panel). To follow deacti-
vation the channels were first activated by
clamping to —160 mV. Deactivation was
monitored by stepping to test voltages between
0 and +60 mV. Deactivation kinetics was best
described as the sum of two exponentials. Ex-
ample of current response at +60 mV and fit-
ting (/ine) is shown in A (lower panel). The
mean fast (t;) and slow (t,) time constants for
channel activation (filled symbols) and deacti-
vation (open symbols) are plotted as a function
of voltage in B and C, respectively.
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centrations larger than about 2 mm (Fig. 10). How-
ever, full inhibition of Kcv current was not achieved
by any Ca’" concentration. Fitting with the Hill
equation yielded a half-inhibition Ca?r concentration
of 0.34 mm and a Hill coefficient of 1.5.

In a previous study we had found that Kcv cur-
rent is blocked in a strong voltage-dependent manner
by Bag+ (Plugge et al. 2000). The voltage-independent
action of Ca’" suggests the presence of an external
binding site where cations interact with the channel
protein. We then examined the specificity of it by
analyzing the effect of Mgf;r on Kcv conductance.
The stimulation of the Kcv current upon complete
removal of Mg2" was small. At —160 mV ; increased
on average by a factor of 1.2 £ 0.3, n = 4, for a ten-
fold reduction of Mg>*.

Discussion

According to our data the conductance of the viral-
encoded K channel Kcv has a dual sensitivity to
voltage. Considering the small size of the channel
protein, this observation is important because
this channel may contain the minimal structural
requirements for voltage sensitivity of K channels.

Analysis of the Kcv conductance shows a com-
plex voltage-dependence. The conductance exhibits a
maximum at about 0 mV. At this voltage the time-
dependent fraction of channels (about 30% of the
channels) is in a closed state, which they can leave
upon hyperpolarization. Moving from zero mV to-
wards hyperpolarizing or depolarizing voltages
causes an instantaneous decrease in conductance. At
hyperpolarizing voltages a slow increase of conduc-
tance (due to the opening of the time-dependent
component) is superimposed on the rapid inhibiting
process. It is worth noting that the amplitude of this
time-dependent current undergoes the same inhibi-
tion as the instantanecous component. These results
lead to the conclusions that Kcv has two antagonistic
and overlapping voltage-sensitive mechanisms, one
that opens channels at negative voltages and another
one that inhibits conductance at both positive and
negative voltages instantaneously.

The present data do not provide information
about the mechanisms underlying the voltage-depen-
dence nor about structural features of the channel
protein involved in this process. Some of the mecha-
nisms known to contribute to the voltage sensitivity of
other K™ channels can, however, be discarded. The
responses of the channel conductance to changes in the
extracellular cation concentration and composition
indicate a cation-specific modulation of the Kcv
channel conductance. However, changes in the extra-
cellular concentration of Mg>" or Ca®>" do not have
any appreciable effects on the voltage sensitivity of
either the instantaneous or the time-dependent com-

S. Gazzarrini et al.: Voltage-Dependence of Kcv

A IVpA [
L 2 °
i o
®
V/ mV )
-200 L 100
L 2
lss/imax [ 1
B
i B
- L 0.8
n n
| |
| | |
- | ]
V/ mV - 0.6
1 ] 1 T : 1 ]
-200 -100 0 100

Fig. 7. Reconstruction of steady-state I/} relation from instanta-
neous and time-dependent components. (4) Maximal 7/} relation
of Kcv current. Data obtained from a two-step protocol, whereby
the oocyte (same as in Fig. 1) was clamped to —160 mV to fully
activate the time-dependent conductance. From the conditioning
voltage the membrane was stepped to test voltages between —100
and 80 mV to collect the maximal current. The same procedure was
repeated after inhibition of Kcv current with 6 mm amantadine.
The I,/ V relation (@) plotted in A4 reports the steady-state values
of the subtracted current. It has a maximal slope conductance of 29
uS. For comparison the corresponding steady-state I/} relation
from Fig. 1 is also plotted (O). The smooth line represents the
calculated steady-state I/} relation according to Eqs. 2-6 (see text)
considering appropriate parameters from Figs. 4 and 5. (B) Ratio
of steady-state and maximal currents from (A4), Is/lnax, aS a
function of voltage.

ponent. These findings rule against the possibility that
a voltage-dependent block of the Kcv channel by di-
valent cations is responsible for the decrease of the in-
stantaneous conductance, at least at negative voltages.

In the family of Kv channels, charged amino
acids located in the S4 segment serve as the dominant
voltage sensor (Bezanilla, 2000). Kcv lacks an S4
segment, but the short N-terminus of the protein
contains 2 positively charged aa in a hydrophobic
region that may be located in the membrane. How-
ever, Kcv voltage sensitivity was unchanged when the
two charged aa were replaced with alanines. This
finding indicates that these charged aa do not con-
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Fig. 8. Lowering of Caff increases Kcv current. (4) Current re- the same oocyte measured at the indicated calcium concentrations.
sponses to voltage steps from —20 mV to test voltages between (C) Voltage-independence of the effect of calcium. Ratios of the
+100 mV and —160 mV in an oocyte expressing Kcv in the pres- current measured in 0.18 mm Cal?,+ (reference concentration) and
ence of 1.8 mm or 0.18 mm Ca2". (B) Steady-state I/} relation from those of other Ca>*.
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Fig. 9. Activation and deactivation kinetics of [, in different low and high external calcium. Current activation kinetics (at —160
[Ca”]o. (A) Time-dependent components of current responses to mV) (B) and deactivation kinetics (at —80 mV) (/nset) recorded in

voltage steps from —20 mV to —160 mV and return to —80 mV in both Caf,+ normalized to the same ordinate.
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Fig. 10. Relative inhibition of Iy as a function of Ca(zf. Iy re-
corded at —140 mV (filled symbol) and +40 mV (open symbol)
normalized to respective reference Iy at these voltages in 1.8 mm
Ca?* plotted as a function of the external Ca*". The smooth curve
was obtained by fitting data with Hill equation y = I, {1 — 1/
[1 + (kos/Ca2")]"} were I, is th relative asymptotic current at low
Ca2" (3.57 relative units), ko5 (0.34 mm) is Ca2" producing half-
maximal inhibition, and n (1.5) is the Hill coefficient. Mean data
from 3 to 8 experiments.

tribute to the voltage sensor. The only remaining
candidates for voltage sensing are one charged aa in
the first transmembrane segment and several charged
aa in the pore loop, whose relevance remains to be
investigated.

Whereas the nonlinearity of the Kcv 7/} relation
is unmodified by extracellular calcium, its conduc-
tance is nevertheless very sensitive to extracellular
calcium concentration; our data suggest that the
channel possesses a binding site at the outer pore
mouth, which discriminates between divalent cations.
Occupation of this site by Ca>" reduces the channel
conductance over the entire voltage spectrum. A
possible explanation for this finding is that Ca*" re-
duces the unitary channel conductance. As in native
K™ channels, Ca®" might also cause a voltage-inde-
pendent flicker-block of the open Kcv channel (Shi-
oya, Matsuda & Noma, 1993; Vassilev et al. 1997).

Conclusions

Central to the voltage sensitivity of various ion
channels are structural elements in the channel pro-
tein. These elements either cause a voltage-dependent
conformational change in the protein (as in the Kv
channel family, Bezanilla, 2000) or interact specifi-
cally with blocking ions (as in the Kir channel family,
Lopatin, Makina & Nichols, 1994; Lu & MacKin-
non, 1994). The viral-encoded Kcv K *-channel is
structurally simpler than either the Kv or Kir chan-
nel. The Kcv protein has two TM domains, and its
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cytoplasmic N- and C-termini are either very short
(N-terminus, 12 aa) or absent (C-terminus). Conse-
quently, Kcv lacks most of the structural elements
such as the V-sensor, or the Tl1-domain (Cushman
et al., 2000), which are contributing to the voltage
sensitivity of K™ channels. The results presented in
this work indicate that despite its structural simplic-
ity, Kcv has two mechanisms that are independently
sensitive to voltage.
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